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Abstract — In this paper, we show that the capacity of the three- 
node Gaussian relay channel can be achieved to within 1 and 2 
bit/sec/Hz using compress-and-forward and amplify-and-forward 
relaying, respectively. 



I. Introduction 

Although both relay channels and interference channels 
are fundamental building blocks for constructing multiuser 
networks, their single-letter capacity characterization has been 
open for decades. In [1], instead of struggling to find the exact 
capacity utilizing complicated achievable schemes, the authors 
show that a simple Han-Kobayashi scheme can achieve the 
capacity of the two-user Gaussian interference channel to 
within 1 bit/sec/Hz for all values of the channel parameters. 

In [2], this approach is further developed and generalized. 
The authors first consider a deterministic channel model 
related to a given Gaussian channel and develop a scheme 
to achieve the capacity of such a deterministic channel. After 
getting an insight from the achievable scheme for the determin- 
istic channel, they then develop a scheme to achieve the origi- 
nal Gaussian channel capacity to within a constant number of 
bits for all values of the channel parameters. This approach is 
called the deterministic approach. As an example, they showed 
that the decode-and-forward (DF) relaying scheme originally 
proposed by Cover and El Gamal in [3] achieves the capacity 
of the three-node relay channel to within 1 bit/sec/Hz and a 
simple partial DF relaying scheme achieves the capacity of the 
diamond Gaussian relay channel to within 2 bits/sec/Hz. 

In this paper, we first show that the compress-and-forward 
(CF) relaying scheme by Cover and El Gamal in [3] can 
achieve the three-node Gaussian relay channel capacity to 
within 1 bit/sec/Hz for all values of the channel parameters. 
We also show a simple amplify-and-forward (AF) relaying 
scheme where the relay amplifies and forwards the received 
signal only when the channel from the source to the relay is 
stronger than the channel from the source to the destination 
also achieves the Gaussian relay channel capacity to within 2 
bits/sec/Hz regardless of the channel parameters. 

The rest of the paper is organized as follows. In Section iHl 
we introduce the Gaussian relay channel. Section [III] shows 
that the CF relaying scheme achieves the Gaussian relay 
channel capacity to within 1 bit/sec/Hz regardless of the 
channel parameters. In Section [IV] the AF relaying scheme 
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is proposed and shown to achieve the capacity to within 2 
bits/sec/Hz. 

II. Gaussian Relay Channel 

We consider a Gaussian relay channel in Fig.Q] For simplic- 
ity, we assume a full-duplex relay as in [2]-[4]. The received 
signals at the relay and the destination are given by 

Y 2 = h 2 iXt + Z 2 , (1) 
Y 3 = h 31 X t + h 32 X 2 + Z 3 , (2) 

respectively, where h 2 i, /131, and h 32 are complex constants, 
Z 2 ~ C7V(0, 1) and Z 3 ~ CA/"(0, 1) are noises at the relay and 
at the destination, respectively, that are independent of each 
other, E[|ATi| 2 ] < P u and E[|X 2 | 2 ] < P 2 . 

From [3], the upper bound on its channel capacity can be 
found as 



C = max min 

0<p<l 
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where X 2 is the complex conjugate of X 2 . Since C*(p) 
decreases while C 2 {p) increases as p increases, and Cf(l) < 
C 2 (1). there exist two possible cases for the optimal p* values 
depending on whether |/i 2 i| 2 Pi < |/i3 2 | 2 P 2 or not as shown 
in Fig |2] 

. If |/i 2 i| 2 Pi < \h 32 \ 2 P 2 , C+(p) < C+{p) for all < p < 

1, and hence p* = and C+ = C?{0). 
• If \h 2 i\ 2 Pi > \h 32 \ 2 P 2 , p* is determined such that C + = 

C+{p*) = C+(p*). 



III. Gaussian Relay Channel Capacity to Within 
One Bit: CF Relaying Scheme 

In [2], the authors introduce a deterministic relay channel 
model corresponding to the Gaussian relay channel in Section 
IHl as shown in Fig. [3] Each circle at the transmitter of each 
node represents a signal level and a binary digit can be put 
on each circle for transmission, n.i represents the received 
signal-to-noise ratio (SNR) for path i in dB scale. More 
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Fig. 1. Gaussian relay channel. 
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specifically, n 31 = |~log 2 (> 3 iPi)~| , n 32 = riog 2 (/i 32 P 2 )l and 
"2i = ri°g2(^2i-Pi)l ■ Then, the transmitted bits at the first 
iii signal levels are received clearly through the path i at the 
corresponding receiver while the remaining bits at the other 
signal levels are not delivered to the receiver through the path 
i. This is motivated to mimic the AWGN channel since the 
effect of background Gaussian noise can be simplified such 
that the first rii bits including the most significant bit (MSB) 
are above noise level at the receiver while the remaining bits 
including the least significant bit (LSB) are below noise level. 

The capacity of this deterministic relay channel is then 
found in [2] as 



C d = min{max{n 2 i,n3i},max{n32,n 3 i}} 
[min{ri 2 i,ri 32 } 1 



n 3 i 



"•31 J 



(7) 



where [x] + = max{a;,0}. © implies a capacity-achieving 
scheme such that first n 3 i bits are directly delivered 
to the destination from the source while the remaining 
[min{n 2 i, n 3 i} — n 3 i] + bits are routed from the source to the 
destination through the relay. This motivates the authors in [2] 
to propose a DF-based relaying scheme such that it chooses 
one of two schemes depending on whether \h 3 i\ 2 > \h 2 i\ 2 or 
not as follows. 

• If |/i 3 i| 2 > |/i2i| 2 > the relay is ignored and the achievable 
rate is equal to log 2 (l + |/i3i| 2 Pi). 

• If \h 3 i\ 2 < |/i2i| 2 , the block-Markov encoded DF scheme 
in [3] is used and hence its achievable rate is equal to 



min{log 2 (l + |/i 2 i| 2 Pi),log 2 (l 



*31 



'32 



2 P2)}- 



Hence, the overall achievable rate is given by 

R DF = max { log 2 (l + \h 31 | 2 Pi), min{log 2 (l + \h 2 i\ 2 Pi), 
log 2 (l + |/i 3 i| 2 Pi + \h 32 \ 2 P 2 )}}, (8) 




Fig. 3. Deterministic relay channel. 



and C + — Rdf < 1 is shown to be satisfied for all values of 
the channel parameters. 

In [4]-[6], the achievable rate of the CF relaying scheme 
for the Gaussian relay channel in Section [TT] is explicitly given 
by 
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Then, Rcf in © can be rewritten as 
Rcf = log 2 (l + |^ 31 | 2 Pi) 
+ log 2 I 1 



t . ^{\h2i\ 2 PiAhv\ 2 P 2 } \ (1Q) 



where 
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and S — > 1 as max {|/i 2 i| 2 P 1; |/i 32 | 2 P 2 } — > oo. In- 
terestingly, we can see that ( fTOb is very similar to (0 
such that log 2 (l + |/i3i| 2 Pi) bits are achieved from the 
direct path between the source and the destination while 
log 2 (1 + 5 ■ mm {\h 2 i\ 2 Pi, \h 32 \ 2 P 2 ) / (l + |M 2 Pi)) bits 
are additionally achieved through the relaying path. This 
makes us conjecture that C + — Rcf < 1 is also satisfied 
for all values of the channel parameters. 

In this paper, we show that C + — Rcf < 1 is indeed sat- 
isfied for all values of the channel parameters. For simplicity, 
we define a = \h 31 \ 2 P l7 b = \h 32 \ 2 P 2 , and c = |/i 2 i| 2 Pi. We 
first consider the case of c < b and then the case of b < c. 



A. The case of c < b (\h 2l \ 2 P l < \h 32 \ 2 P 2 ) 



Since 



l+a+b+c 



increases as b increases, 



Rcf = log 2 11 + a 
> log 2 ( 1 + a + ■ 



be 



l+a+b+c 
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1 + a + 2c 



i (1 + a + c) 2 
= log 2 -| , —7, -(12) 
1 + a + Ac 
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Defining Ai = C + — Rcf, we get 

(1+a + c) 2 



Ai < C+ - log 



1 + a + 2c 



log 2 (1 + a + c) - log 2 



{l+a + cY 
1 + a + 2c 



= l0g; 



1 + a + 2c 
1 + a + c 



< log 9 2 = 1. 



(13) 



Hence, the CF relaying scheme achieves the Gaussian relay 
channel capacity to within one bit when c < 6. Moreover, 
when c = 6 — > oo, we get Ai — > 1. On the other hand, when 
6 — > oo only, Ai — > 0, i.e., the capacity is asymptotically 
achieved. 

B. The case of b < c (|6 32 | 2 P 2 < \h 2 i\ 2 Pi) 

Since p* in C + is determined to satisfy C + = Ci(p*) — 

log 2 (l + (1 - p* 2 )(a + c)) = log 2 (l + a + b + 2p* V^T) 

<=^> (a + c)^* 2 + 2Vabp* +b-c = Q 
\J{a—b + c)c — \/a6 



P = 



a + c 



(14) 



where a6 < (a — & + c)c for b < c. Hence, 



, / iJabda -b + c)-2ab , 
C+ = log 2 1 + a + & + — i ; '- | . (15) 



a + c 



Then, 



Ai = log 2 ■ 



fl + a + 6 + c) l + a + 6 



2y / abc(a~b+c)-2ab 
a+c 




(l + a)(l + a + 6 + c) + 6c 



A 



A = ((1 + a)(l + a + b + c) + 6c) (a + c), 
B = be — ab — abc — a 2 b + 6 2 c — afe 2 , 
C = 4(1 + a + b + c) 2 a6c(a - 6 + c). 



(16) 



(17) 
(18) 
(19) 



Note that if < 1, Ai < 1. Since A > B and C > 0, 

showing (^4 — B) 2 — C > is equivalent to showing < 
1. After some manipulation, we obtain 

a + c 



(A - B) — C = (a + c) 2 a + 2aic + a 2 c 



where 



a = a 4 + 4a 3 (6 + 1) + 6a 2 (6 + l) 2 + (6 2 - l) 2 

+4a(o 3 + & 2 + 6+l), 
a x = (a + l) 3 + (a 2 + 1)6 - (a + 1)6 2 - 6 3 , 
a 2 = (a-6) 2 + 2(a + 6) + l, 
a 3 = 4(a6 + 2a 2 6 + 2a6 2 + 2a 2 6 2 + a6 3 ). 



(20) 



(21) 
(22) 
(23) 
(24) 



Since a + c > and a 3 > 0, it is sufficient to show /(c) = 
a + 2«!C + a 2 c 2 > for all c > 0. After some manipulation, 
we obtain the discriminant D of /(c) as 

D = a\ — a^a 2 

= -4a6{2a 3 + (36 + 5)a 2 + (86 2 + 116 + 4)a 
+ (6+l) 2 (36+l)} < 0, (25) 

which implies that /(c) > for all c since a 2 > 0. Hence, 
Ai < 1 when c > 6. Finally, we conclude the CF relaying 
scheme achieves the Gaussian relay channel capacity to within 
1 bit/sec/Hz for all values of the channel parameters. 

Fig.|4]shows Ai for various \h 2 i\ 2 P\ values when P\ = P 2 , 
\h 31 \ 2 = 0A\h 21 \ 2 and \h 32 \ 2 = 1.5|6 2 i| 2 . This explains the 
gap Ai is always less than one bit for the case of |/i2i| 2 -Pi < 
\h 32 \ 2 P 2 . Fig. |5] shows Ai for various |6 2 i| 2 Pi values when 
Pi = P 2 , \h 3 i\ 2 - 0.1|ft 2 i| 2 and |^ 32 | 2 = 0.8\h 21 \ 2 . In this 
case of \h 2 i\ 2 Pi > \h 32 \ 2 P 2 , the gap A x becomes quite close 
to one as |6 2 i| 2 increases, but still less than one. 

IV. Gaussian Relay Channel Capacity to Within 
Two Bits: AF Relaying Scheme 

Although the DF and CF relaying schemes work well in 
the Gaussian relay channel, both of them need a smart relay 
that can decode or compress the received signal and re- 
encode it. In this section, we propose a very simple AF-based 
relaying scheme for a dumb relay and show that it can achieve 
the Gaussian relay channel capacity to within 2 bits/sec/Hz 
regardless of the channel parameters. 

We first find an explicit expression for the achievable rate 
of the AF relaying scheme. For simplicity, we use previously 
defined a, 6 and c with 9 a = Zh 3 i, 6>k = /Jn 32 and 8 C = Zh 2 \. 
After the relay amplifies the received signal 5*2,1-1 at ti me i—l 
and forwards it to the destination at time i as 



X 2 i — 



Pi 



c+1 



2,i-l 



Pi 



c + i vv p i 

the destination receives Y 3 i at time i as 



(26) 



V r 2 



Pi 



Vf\ \ c + 1 ^p[ 



c+1 



e^Zo^ + Z-, 



■ I. i • 



(27) 



where we assume E[|Xi^| 2 ] = P x and E[|X 2:l | 2 ] = P 2 . 
For simplicity, we normalize noise power by dividing Y 3 ^ by 



5TI + las 



Y 3 .^ 



Y 



3,i 



= ^ HkXi^^k + Z 3 .i, (28) 



zi + 1 fe=0 
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where 

[Ho #i] = 



Q ( C+1 ) c jOa 

b + c + 1 



be 




c + 1 



^2,1-1 + ^3,i 



CAT(0,1). 



,(29) 
(30) 

(31) 



Hence, the AF relying scheme turns the channel from the 
source to the destination into a unit-memory intersymbol 
interference channel [4], [6]. Following [7], [8], the achievable 
rate for the AF relaying scheme is then written by 

max — J log 2 [1 + Y l (w)\H{w)\ 2 jdw (32) 



where H{w) is the Fourier transform of Hk given by 

J( e »+ 8 °- w ) ,(33) 



H(w) 



a(c+l) 6a 



c+1 



be 



1 



and ^ J " £(to)dto < 1 is the normalized power constraint. 
Although the optimal power allocation E*(u>) is the well- 
known water- filling [6]-[8], we here assume uniform power 
allocation as E(uj) = 1 for all w. Using 

c 2tt 



ln(/i + v ■ cos(a; + y))dx = 2ir In 



+ Vm 2 



from J Q ln(/i + i/ • cos = ir In 
in [9, p. 526], we obtain 



Raf = 



2n 



log 2 1 



a(c+l) 



-,(34) 
for /x > > 

6c 



2 v / a6c(c+ 1) 



1 b+c+1 



cos(w + 8 a — 9f, — 8 C ) I dw 



log 2 



K 



L 



1, 



(35) 



where 



if = 1 + a + 6 + c+ (a + 6)c, (36) 
L = (1 + c) {(1 + a + 6) 2 + ((a - 6) 2 + 2(a + b) + l) c} . 

(37) 



Then, i?^^ in (133b can be rewritten as 

R AF = -l+log 2 (l + |/i 3 i| 2 Pi) 



^32 



a P 2 (|/l2l| 2 -|/l3l| 2 )Pl+A/i 



(l + |/ l 3l| 2 i 3 l)(l + |^32| 2 P2 + |/l2l| 2 Pl) 



log 2 1 



Interestingly, we can see that as long as |/i 2 i| 2 > |/i3i| 2 , 
is similar to Cd in ((7]) and Rcf in (fTOb such that log 2 (l + 
I ^31 1 2 -Pi) bits are directly delivered from the source to the 
destination while the remaining bits are additionally delivered 
through the relaying path. This makes us to conjecture that 



C + — Raf < 2 is satisfied for |/i 2 i| 2 > |/i3i| 2 where we use 
two bits instead of one bit since there is a penalty of — 1 bit in 
(1381 . For \h 2 i\ 2 < \h 3 i\ 2 , the capacity can be achieved within 
one bit by simply ignoring the relay as in [2]. In this case, 
if the relay is active, then the signal-to-noise ratio (SNR) at 
the destination becomes worse than that for the inactive relay 
since too much noise is amplified at the relay and forwarded to 
the destination. Finally, we can expect the capacity is achieved 
within 2 bits/sec/Hz regardless of the channel parameters. 

Getting an insight from the above argument, we propose an 
AF-based relaying scheme as follows. 

• If \h 31 \ 2 > |/i 2 i| 2 , the relay is ignored and the achievable 
rate is equal to log 2 (l + |/i3i| 2 Pi). In this case, it is easily 
shown that C + — log 2 (l + a) < 1 as in [2] by 

C+ < C*+(0) = log 2 (l + a + c)< log 2 (l + a) + 1.(39) 

• If \h 31 \ 2 < |/i 21 | 2 , the relay amplifies F 2 i _! and forwards 
it to the destination as 



Xoa — 



P-2 



\h-2i m + i 



(40) 



where we assume E[|X M | 2 ] = Pi and E[|X 2:l | 2 ] = P 2 . 

From now on, we show that C + — Raf < 2 in the case of 
a < c. Especially, we first consider the case of a < c < b, and 
then the case of a < c and b < c. 

A. The case of a < c < b (|/i 3 i| 2 Pi < \h n \ 2 Pi < \h 32 \ 2 P 2 ) 
Defining A 2 = C + — Raf, we get 

M 



A 2 = 1 + log 2 



k + Vl' 



where 



M = (l + a + c)(l + b + c). 



(41) 



(42) 



Since showing log 2 < 1 is equivalent to showing 

2(K + y/L) - M > 0, we first consider 

2 (K + \/t\ -M>2(K+ c(b - a)) - M 

= (1 - a + 3c)b + (1 - c)(l + a + c), (43) 

and let g(b) = (1 - a + 3c)b + (1 - c)(l + a + c). From 
(1 - a + 3c) > 0, it is notable that if g(c) > 0, then g(b) > 
for all b > c. Since 



g(c) = 1 + a + c + 2c(c - a) > 0, 



(44) 



A 2 < 2 for all a < c < b. It is also notable when a = b = 

c — > oo, we get A 2 — > 2. 



(38) B. The case of a < c and b < c (\h 3 i\ 2 Pi < \h 2 i\ 2 Pi and 
\h 32 \ 2 P 2 < |^i| 2 Pi) 



From ([Bll and d35j— ([37j, we get 

P + VQ 



A 2 = 1 + log 2 ■ 



(a + c)[K + VL 



(45) 
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where 



where 



P = (1 + 6 + c) ((1 + a + b)(a + c) - 2ab) , (46) 
Q = 4{l + b + c) 2 abc(a-b + c). (47) 

Since 

2(a + c)K - P = a 2 (l - b + c) + a(l + b + cf 

+c(l + (c-b)b + c)>0, (48) 

showing loe 9 - — P t/^ rr\ < 1 is equivalent to showing 

6 62 (a+c)(K+VZ) — M 6 

(2(a + c)(i^+\/X)-_P) 2 -Q > 0. To do it, we first consider 
the case of a < b < c and then the case of b < a < c. 

1 ) The case of a < b < c: After some manipulation, we 
obtain 



2(a + c){K + VL) - P 



> (2(a + c)(K + c(b - a)) - P) - Q 

= (a + c) (ft + ftc + /3 2 c 2 + ftc 3 ) , (49) 



where 



ft = a(a 2 (5 - 2b + b 2 ) + (1 + 6) 2 (5 + 2b + b 2 ) 

+2a(5 + 56- b 2 - 6 3 )), (50) 

ft = 5 + 86 + 2b 2 + 6 4 + 2a 3 (3 + 6) + a 2 (21 + 2b - lib 2 ) 

+4a(5 + 86 + 56 2 + 26 3 ), (51) 

ft = 10 + a 3 + a 2 (12 - 86) + 226 + 66 2 - 66 3 

+a(21 + 146+ 136 2 ), (52) 

ft = 5 + 6a+(a- 6) 2 + 146 + 86(6-a). (53) 

Since s(c) = ft + ftc + ftc 2 + ftc 3 is a cubic function with 
ft > 0, it is notable that if s(b) > 0, s'(b) > and s"(6) > 0, 
then s(c) > for all c > 6. From 6 > a, we get 

s(6) = a 3 (5 + 46) + a 2 (10 + 316 + 126 2 ) 

+6(5 + 186 + 296 2 + 206 3 ) + a(5 + 326 + 636 2 + 446 3 ) 
+4a6 2 (a - 6) 2 + 46 3 (6 2 + 2a6 - 3a 2 ) > 0, (54) 

s'(b) = 5 + 6a 3 + 286 + 616 2 + 546 3 + a 2 (21 + 266) 
+a(20 + 746 + 666 2 ) + 4a6(a - 6) 2 + 166 2 (6 2 - a 2 ) 
> 0, (55) 

s"(6) = 20 + 24a 2 + 746 + 966 2 + a(42 + 646) 

+2a(a- 6) 2 + 66(76 2 - 6a6-a 2 ) > 0. (56) 

Hence, we have A2 < 2 for all c > 6 > a. 

2) The case of b < a < c: Similarly, we obtain 

(2(a + c)(K + VI) - P) 2 - Q 

> (2(a + c)(K + c(a - 6)) - Pf - Q 

= (a + c) (70 + 71 c + 72 c 2 + 73 c 3 ) , (57) 



70 = a(a 2 (5 - 26 + 6 2 ) + (1 + 6) 2 (5 + 26 + 6 2 ) 

+2a(5 + 56 - 6 2 - 6 3 )), (58) 

71 = 5 + a 3 (14 - 66) + 86 + 26 2 + 6 4 + 4a(5 + 66 + 6 2 ) 

+a 2 (29 + 106 + 56 2 ), (59) 

72 = 28a 2 + 9a 3 + a(29 - 26 - 116 2 ) 

+2(5 + 76 + 36 2 + 6 3 ), (60) 

73 = 5 + 14a+(a-6) 2 + 66 + 8a(a-6). (61) 

From a > 6, t(c) = 70 + 71c + 72c 2 +73C 3 is a cubic function 
with 73 > 0. Since 

t(a) = 2a(5 + 28a 3 + 106 + 66 2 + 26 3 + a 2 (34 + 66) 
+4a(5 + 66 + 6 2 )) + 2a(a 2 - 6 2 ) 2 + 16a 4 (a - 6) 
> 0, (62) 

t'(a) = 5 + 112a 3 + 86 + 26 2 + 6a 2 (17 + 46) 
+4a(10 + 136 + 46 2 ) + 26 2 (a - 6) 2 
+37a 4 - 36a 3 6 - 6 4 > 0, (63) 

t"( a ) = 4(5 + 35a 2 + 76 + 36 2 + a(22 + 86)) + 46(a - 6) 2 
+8a(9a 2 - 8a6 - 6 2 ) > 0, (64) 

t(c) > for all c > a. Hence, A 2 < 2 for all c > a > 
b. Finally, we conclude the proposed AF relaying scheme 
achieves the Gaussian relay channel capacity to within 2 
bits/sec/Hz regardless of the channel parameters. Moreover, 
when a = Moo and c — > 00, we have A2 — > 2. 

Fig.|6]shows A2 for various |/i2i| 2 -pL values when Pi = P2, 
\h 31 \ 2 = 0.1|a 2 i| 2 and |ft 2 | 2 = l-5|fti| 2 . This explains the 
gap A2 is always less than two bits for the case of |ft.3i| 2 Pi < 
|/i 2 i| 2 Pi < |ft 2 | 2 P 2 - Fig. Ul shows A 2 for various |a 2 i| 2 Pi 
values when Pi = P 2 , \h 31 \ 2 = 0A8\h 2 i\ 2 and |a 32 | 2 = 
0.5|/i 2 i| 2 . In this case of \h 31 \ 2 P 1 < |fti| 2 Pi and |a 3 2| 2 P 2 < 
|«2i| 2 Pi, since |/i3i| 2 Pi is quite close to |«32|P 2 , the gap A2 
also becomes quite close to two as |/i2i| 2 increases, but still 
less than two. 

References 

[1] R. H. Etkin, D. N. Tse, and H. Wang, "Gaussian interference channel 

capacity to within one bit: the general case," in Proc. IEEE Int. Symp. 

Inf. Theory (ISIT), Nice, France, June 2007. 
[2] A. S. Avestimehr, S. N. Diggavi, and D. N. C. Tse, "A deterministic 

approach to wireless relay networks," in Proc. Allerton Conf. Commun., 

Contr, Comput, Monticello, USA, Sept. 2007. 
[3] T. M. Cover and A. El Gamal, "Capacity theorems for the relay channel," 

IEEE Trans. Inf. Theory, vol. IT-25, no. 5, pp. 572-584, Sept. 1979. 
[4] G. Kramer, M. Gastpar, and R Gupta, "Cooperative strategies and capacity 

theorems for relay networks," IEEE Trans. Inf. Theory, vol. 51, no. 9, pp. 

3037-3063, Sept. 2005. 
[5] A. Host-Madsen and J. Zhang, "Capacity bounds and power allocation 

for wireless relay channels," IEEE Trans. Inf. Theory, vol. 51, no. 6, pp. 

2020-2040, June 2005. 
[6] G. Kramer, I. Marie, and R. D. Yates, Cooperative Communications. 

Hanover, MA, USA: now Publishers Inc., 2007. 
[7] W. Hirt and J. L. Massey, "Capacity of the discrete-time Gaussian channel 

with intersymbol interference," IEEE Trans. Inf. Theory, vol. 34, no. 3, 

pp. 380-388, May 1988. 
[8] R. S. Cheng and S. Verdii, "Gaussian multiaccess channels with ISI: 

Capacity region and multiuser water-filling," IEEE Trans. Inf. Theory, 

vol. 39, no. 3, pp. 773-785, May 1993. 
[9] I. S. Gradshteyn and I. M. Ryzhik, Table of Integrals, Series, and 

Products, 6th ed. San Diego, CA, USA: Academic Press, 2000. 



6 



0.8 



0.7- 




-10 -5 5 10 15 20 25 30 

|h 21 | 2 P 1 [dB] 



Fig. 4. Ai for various \h 2 i\ 2 Pi values with Pi = P 2 , \h- n \ 2 = 0.1|/i 2 i| 2 
and \h 32 \ 2 = 1.5|/i 2 i| 2 . 
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Fig. 6. A 2 for various \h 2 i\ 2 Pi values with Pi = P 2 , \h 31 \ 2 = 0.1|/i 2 i| 2 
and |/i 32 | 2 = 1.5|h 2i | 2 . 



